Nine male beagle dogs, housed in either a conventional or locked environment for 2.5 years, were killed, and the bacterial flora present in various regions of each gastrointestinal tract was assessed by culture techniques, light microscopy, and scanning electron microscopy. All Studies of the microbial flora of murine species have shown that the adult gastrointestinal (GI) tract contains many microbial species that live in relatively stable populations that are localized in specific regions of the GI tract (20) (21) (22) . In the murine species, some microbial populations are known to associate intimately with epithelial cells by either direct attachment to epithelial cell membranes (8, 9, 11, 12) or layer formation (6, 20, 23) .
Nine male beagle dogs, housed in either a conventional or locked environment for 2.5 years, were killed, and the bacterial flora present in various regions of each gastrointestinal tract was assessed by culture techniques, light microscopy, and scanning electron microscopy. All dogs possessed a complex microflora in their colons; in almost every dog anaerobes predominated. The highest number of bacteria cultured was 1010/g (dry weight) oftissue and contents; highest counts obtained with a Petroff-Hauser counting chamber were 1010/ml (wet weight). Although there was a consistency in the detectable genera, there were also noticeable differences in the flora of dogs housed under different environmental conditions. These differences included qualitative and quantitative changes in the flora as well as alterations in the distribution and localization of microorganisms along the gastrointestinal tract and in the crypts of Lieberkuhn. No bacterial layers were detected on the surfaces of stomach or proximal bowel in any of the dogs. Dogs housed in a conventional, open, environment had bacteria that occurred in layers on their ceca and colons and in their crypts of Lieberkuhn; however, dogs housed under "locked" environmental conditions did not possess them or had them less frequently. Dogs removed from the locked environment and kept (30 days) in conventional housing conditions were the only ones with detectable segmented filamentous microbes in their ilea. This study shows that the microbial flora does not simplify when dogs are housed in a locked environment. Indeed, it may increase in complexity and cause alterations in the bacterial flora that is associated closely with gastrointestinal epithelial cells and crypts of Lieberkuhn.
Studies of the microbial flora of murine species have shown that the adult gastrointestinal (GI) tract contains many microbial species that live in relatively stable populations that are localized in specific regions of the GI tract (20) (21) (22) . In the murine species, some microbial populations are known to associate intimately with epithelial cells by either direct attachment to epithelial cell membranes (8, 9, 11, 12) or layer formation (6, 20, 23) .
In contrast to what is known about bacterial localization in the GI tract of murine species, little is known about the bacterial attachment and layering in the GI tracts of higher mammals. Most of the available information on the microbial flora of higher mammals has been obtained by culturing fecal samples or lumenal aspirations, which have not yielded any data on bacterial populations that might be intimately associated with the GI surface or crypts of Lie- VOL. 34, 1977 germ-free dogs. The latter system has been described in detail elsewhere (3) . The dogs in the locked environment (group 3) were fed sterile water and diet, and all air entering the unit was filter sterilized. All entries into and out of the unit were made under sterile conditions. In essence, the locked-environment dogs were treated in a manner that prevented outside bacteriological contamination for 2.5 years (3) . All nine dogs were fed a steamsterilized diet (Purina Dog Meal, Ralston Purina Co., St. Louis, Mo.) and water ad libitum. After 2.5 years, four dogs were removed from the locked environment and placed in regular (open) dog-holding facilities for 1 month (group 2). During the latter 1-month transition period, two of the dogs were fed the sterilized diet, whereas the other two dogs were fed the same diet, but unsterilized, ad libitum. (5) . Then, 0.1 ml of each dilution (10-' to 10-9) was plated onto prereduced A II agar (2) , and the plates were incubated in a transparent, plastic incubator especially designed for the glove box (2a) . The latter dilution tubes, after removal from the glove box through the air lock, were used to inoculate enriched and differential media for the detection and identification of aerobic and microaerophilic bacteria. The media and culture conditions were as described elsewhere (3, 5) except that S.F. agar was not used.
All media used to grow the anaerobic bacteria were prereduced in the glove box at least 48 h prior to inoculation (2 (4) . All samples fixed in glutaraldehyde were postfixed in osmium tetroxide, dehydrated in an ethanol and amyl acetate series, critical-point dried, metal coated, and examined with a scanning electron microscope (SEM). Details of the above procedure have already been described (4, 18) .
A Zeiss Universal microscope was used for all light micrography and either a JEOL or a JEM U3 SEM, operated at 20 kV, was used for all SEM.
RESULTS
Genera and species of bacteria. Table 1 lists the genera and species of microorganisms cultivated from all of the dogs. Eighty-four species of bacteria representing 27 genera and five genera of fungi were isolated. This count also includes those organisms only partially identified. Although the quantitative and qualitative composition of the microbial flora differed from sample to sample, similarities of microbial colonization were observed when the most numerous bacteria and their localization sites were shown (Tables 1 and 2 (Table 2 ). When total microscopic counts were compared with total CFUs, the data suggested that most of the bacteria viewed with phase optics were viable ( Table 2) . The ilea of all three groups of dogs possessed a heterogeneous microbial flora. The ileal anaerobes also showed a wider variation in viable bacteria (103 to 109 [ 21 and 20 species were isolated from the ilea of group 2 and group 3 dogs, respectively. In addition, fungi (three genera) were mainly isolated from group 3 dogs.
There was a remarkable difference in the microbial flora in the ceca of dogs housed conventionally (group 1) when compared with the two other groups of dogs (Table 4) . Conventionally housed dogs (group 1) possessed only two genera of microbes (Bacteroides and Streptococcus) in their ceca, whereas the dogs in groups 2 and 3 possessed 8 and 13 different genera, respectively ( Table 4 ). The ceca of conventionally housed dogs also had lower total CFUs of anaerobes (one to two logs) and lower total CFUs of aerobes (about one-half to three logs) (Table 4 ) then did the ceca of dogs in groups 2 and 3. Four different microbial species were isolated from the ceca of conventional dogs, whereas isolated dogs of group 3 had 25 different species, and group 2 dogs had 18 different species present in their ceca.
The dogs, regardless of housing conditions, generally showed a similar colonization pattern in their colons by the various genera of anaerobes. Dogs removed from the locked environment and then placed into a conventional environment (group 2) showed a decrease of 0.5 to 1 log in the total number of colonic anaerobes (Table 5 ). In addition, the dogs housed under conventional conditions (group 1) had a population ofStreptococcus bovis, S. acidominus, and S. mitis that was 1 to 2 logs higher (109 to 1010) than that found in the colons of other group 2 and 3 dogs ( Table 5 ). The dogs in confinement (group 3) had 26 different microbial species in their colon. The dogs in transition (i.e., group 2) had 22 different species of bacteria in their colon, whereas conventional (group 1) dogs had 16 different species in the colonic contents. (Table 4) , whereas the conventional (group 1) and transitional (group 2) dogs did not possess detectable CFUs of the latter two genera at any site sampled. There were other minor genera differences in the three groups of dogs, but these differences were found in the minor components (103 to 106) of the aerobic-facultative microflora. For example, Staphylococcus aureus, which was found in the ilea of all dogs, was not found in the ceca of any (1) 108
Clostridium (2) 108 Peptococcus (1) 109 Clostridium (2) (Table 4) . One consistent finding was that Streptococcus was usually the most numerous of the facultative and aerobic genera, whereas the most numerous of the anaerobic genera varied from sample to sample. Although many genera were consistently isolated from ilea, ceca, and colons of these three groups of dogs, the species of these genera did not segregate into any discernible groups according to the dog housing conditons. Two species, however, did occur in every dog examined: Streptococcus mitis and a Eubacterium species. This Eubacterium was unique because it produced long filaments and spontaneously lysed after 24 h of incubation.
Microscopy: light and scanning. In all of the dog stomachs, the cardiac epithelium was usually covered with a thick layer of mucin ( Fig.   1 ), and bacteria were often undetectable. To find any bacteria on the stomach epithelium, many fields had to be observed with specimens prepared for both light microscopy and SEM. Close examination of the stomach surface showed that two of the nine dogs possessed a bacterium that had unusually tight helical coils and bipolar flagella (Fig. 2) . Unlike the murine stomach, no bacterial population layered or attached to the stomach epithelium of the dog (Table 6 ).
The proximal small bowel contained a sparse bacterial population. Bacteria could occasionally be found in the GI lumen adjacent to villus surfaces, but the bacteria occurred singly or in a small microcolony (Fig. 3) . No population of segmented filamentous bacteria was observed to associate with the proximal small bowel epithelium in any of the dogs studied (Table 6) .
Dogs housed either in the conventional or locked environments possessed no bacterial populations that attached or layered to the distal ileum. Distal ilea in three out of four dogs from group 2, however, had segmented filamentous organisms attached to their ileal epithelial cells (Table 6 ). The attachment sites and segments of the microorganisms were easily observable in SEM examination of the dogs in group 2 (Fig. 4a) . Both frozen and glutaraldehyde-fixed specimens indicated that the segmented filamentous microbes were located underneath a mucin layer (Fig. 4a and b) .
Ceca from the three dog groups showed variability in the possession of a bacterial layer on their cecal surfaces. Conventionally housed dogs showed almost no bacteria on the epithelial surface; similarly, two dogs from each ofthe other two groups of dogs (2 and 3) housed under different conditions showed either no bacteria on the cecal epithelium or, at the most, a few regions with layering bacteria. In those ceca that lacked a layer of bacteria on a large portion of their cecal epithelium, a layer of mucin was present. Mucin predominated in the ceca of dogs housed conventionally (Fig. 5) , which corresponded with a relatively lower (107 versus 108 to 9) bacterial count (Tables 2 and 5 ). Ceca with a bacterial layer (five out of nine ceca [ Table 5 ]) showed a predominantly heteroge- a See footnote a, Table 2 . bNumber of dogs with layering or attaching microorganisms per total number of dogs examined by either light microscopy or SEM.
nous bacterial population on the cecal epithelium. The cecal layer, when it was observed, consisted mainly of gram-positive rods and cocci and some gram-negative (mainly rods) bacteria ( Fig. 6 and 7) .
Layers of bacteria, composed primarily of gram-positive rods and cocci, were most prominent on colonic epithelium of the dogs from groups 2 and 3 (see Fig. 7 for similar results from the cecum). Dogs of group 1 and occasionally those of groups 2 and 3 (in some regions of the colon in dogs of the latter two groups) manifested a distinct microbial population that consisted of gram-negative spiral-and rod-shaped microbes. This layer, which was distinct from the layer shown in Fig. 7 , of bacteria separated the bulk of the lumenal flora from the colonic epithelial cells (Fig. 8 ) and was often difficult to see unless the tissue-gram-stained sections were viewed with phase optics (cf. Fig. 9 with Fig. 8 ). SEM observation of the latter microbes, which were most numerous in the colons of group 1 dogs, indicated that the population was heterogenous with respect to the rods and spirals present (Fig. 10a and b) .
All of the dogs with either a predominantly gram-positive or a gram-negative layer in either the cecum or the colon possessed spiraland rod-shaped bacteria in their crypts of Lieberkuhn. Some crypts had only spiral-or rodshaped bacteria, whereas other crypts had both types present (Fig. 9) . Dogs were also able to have bacteria in the crypts without a discernible layer of bacteria on their epithelial cells. The density of this microbial population associated with crypts varied from crypt to crypt in the cecum and colon of each animal. Some crypts possessed large numbers of bacteria (Fig. 11) , whereas other crypts had few or none. Conventionally housed dogs (group 1) had easily detectable bacteria within their crypts; dogs in group 2 had only a few bacteria in their crypts, and only one of the three dogs from group 3 showed any bacteria in its crypts of Lieberkuhn.
DISCUSSION
Almost all previous studies of the microbial flora of dogs have been limited to an elucidation of the fecal or nasopharyngeal flora (3, 22) . Studies of the bacterial flora located in and on the surface of canine GI tissues usually reported only the total counts of genera cultivated on selective media; identification of species, especially of the anaerobic genera, was rarely attempted (3, 22) . This study detailed the genera and species, as far as they could be identified with our methods, in the distal ileum, cecum, or colon of the dogs. It indicated that bacteria did not localize on the epithelial surface of dog stomach or proximal small bowel but could localize in the distal ileum, cecum, and colon. Total counts of anaerobes were about 1 to 2 logs higher than were the total counts of aerobes, except in the conventionally housed dogs, whose colon counts yielded approximately the same numbers (1010) of anaerobic and facultative bacteria. Such high numbers of aerobic and anaerobic bacteria have been reported previously in dog feces (3) , although the anaerobes were usually about 1 log higher than were the aerobes (108 to 9 versus 109 to 10).
We observed a wide variation in isolatable bacterial species from dog to dog regardless of housing conditions. However, an examination of the predominant genera isolated from all three groups of dogs showed only one case where a major difference in the number of genera was detected. This difference in genera was observed in the ceca of the conventionally housed group 1 dogs where only two genera, Bacteroides and Streptococcus, were detected. The latter observation was the most obvious part of a general trend that suggested that conventionally housed dogs possessed a less complex flora, in terms of genera and species present, than either of the other groups of dogs (cf. Tables 3, 4, and 5) that were housed in a locked environment.
A study on the fecal flora of man in locked environments showed that his fecal flora does 5. An example of the thick layer of mucin (m) that covers the dog cecum and overlays most ofthe cecal epithelium (e). Bacteria were difficult or impossible to locate in such ceca (in the mucin or on the epithelium) in contrast to other dog ceca that possessed a layer of bacteria (see Fig. 6 ). x95. FIG. 6 . Light micrograph of a frozen section of the gram-positive layer of bacteria on a dog's colonic epithelium (e) stained with a tissue Gram stain. This type oflayer was also seen on the cecum. Arrows indicate some of the gram-negative bacteria that also could be observed in this layer. x1,320. from the lumenal contents (right side). A weakly staining gram-negative (spiral-and rod-shaped) bacterial population inhabits this layer. The latter bacteria are best viewed with light microscopy at a high magnification and with phase optics (see Fig. 9 ). x195. (13) . Other studies on confinement suggest that the microbial and fungal flora increase after short-(16 days) or long-term (12 months) confinement (17, 25, 26) . Our study suggests that in dogs housed in a locked environment for over 2 years, the colonic flora does not markedly change, but some other changes, such as an increase in the diversity of genera and species present, may occur in the cecal and ileal flora. The group 2 dogs had a flora intermediate in complexity between groups 1 and 3 (cf . Tables 3 through 5 ), which suggests that upon removal ofthe dogs from a locked environment, the flora begins to simplify and thus resembles the flora in conventionally housed animals.
Most fungi were detected in those dogs kept in the locked environment (group 3). Results from our study should not be construed to mean that because organisms (both bacterial and fungal) were not cultured they were not present. Our results simply mean that the organisms were not detected by our culture techniques; they could be present in such low numbers (1 to 103) that many culture samples and highly selective media would be needed to detect them. Another source of error may be due to selection of strains to study on the basis of colony counts; bacterial species that have colonies visibly identical to colonies of strains isolated may belong to different species. Also, only 1 composite sample from each site in dogs of group 1 were studied. In addition, AII medium, although one of the best enriched nonselective media we have used for growing anaerobes, probably did not allow us to culture all of the bacteria present. For example, morphologically distinct microbes (spirals, types a, b, and c, Fig. 10 ) were never cultured. Thus, SEM results show that not all the bacteria present can, as yet, be cultured.
Although no difference in the microflora was observed in the stomachs or proximal small bowels of dogs housed under different conditions, changes in the microflora were pronounced when their ileal, cecal, and colonic surfaces were examined by light microscopy or SEM. For example, only group 2 dogs, in transition from the locked environment to the conventional, showed segmented filamentous organisms in their ilea. In addition, the bacterial population that comprised the epithelial cell layers differed; the conventionally housed dogs possessed a distinct gram-negative bacterial layer adjacent to the colonic epithelium, but the locked-environment dogs showed mainly a gram-positive bacterial layer. Furthermore, obvious differences between group 1 and groups 2 and 3 were observed at the frequency with which crypts of Lieberkuhn were populated by bacteria; confinement appeared to suppress crypt populations. Thus, differences in the layering and localization of the microbial flora were noted in the three groups of dogs, but the reasons for the changes are not clear.
It is known that either antibiotics, diet, or environmental stress, or a combination of these factors, can alter the composition, attachment, and layering of the GI flora (9, 19, 24) . Of these factors, only the housing environment was varied in our study, and flora changes were noted.
Although each of two dogs (group 2) was fed autoclaved and nonautoclaved Purina Dog Meal, their flora was not markedly changed from that of the other group 2 dogs.
The observation that segmented filamentous organisms were found in group 2 dogs but did not occur in dogs housed under either conventional or locked environments is of interest but should be confirmed by further studies. Three samples (one for light microscopy and two for SEM) were taken from adjacent regions of each dog ileum, but such sampling may not detect the organisms. For example, it is known that the segmented filamentous microbes colonize nonuniformly the ilea of the murine species; that is, the segmented filamentous microbes may be found both proximal and distal to a region of the ileum that possesses no such organisms (8 This study indicates that specific regions of the GI tracts of higher mammals such as dogs can possess populations of bacteria that attach and localize, either in crypts of Lieberkuhn or in layers. Attachment of segmented filamentous microbes to epithelial cells paralleled that found in murine species (4, 8, 12) , but the frequency of their occurrence in dogs was less. The layering of bacteria in the canine GI tract was somewhat different from that described in murine species (20) . In dogs, bacterial populations adjacent to the epithelial cells were much more sparse and contained markedly fewer fusiformshaped bacteria than those bacterial populations found in mice and rats. Additionally, another type of layer, composed mainly of grampositive organisms, was observed in the dogs. In mice, a predominance of gram-positive microbes adjacent to the large bowel epithelium strongly suggests that they have an altered microbial flora (19) . The occurrence of bacteria (mainly spiral-shaped microbes) has been noted in the crypts of Lieberkuhn of rat ceca (7) and in the large intestines of randomly bred dogs (15) . Our observations in dogs generally agree with the latter findings.
If the most numerous bacterial genera and species from the GI tracts of dogs are compared with those found in the GI contents of man (W.E.C. Moore, M. Ryser, and L. V. Holdeman, Abstr. Annu. Meet. Am. Soc. Microbiol. 1975, DS7, p. 61), several differences and similarities in the type and number of genera present can be found. For example, the most numerous genera uniformly found in the dog ilea and large bowel are Bacteroides and Streptococcus (S. bovis and S. acidominimus). Although the latter are among the predominant genera, they are not the most numerous bacteria in the GI contents of man. Fusobacterium, a predominant genus found in man, was not as numerous in dogs (approximately 1010`O 11 versus 107 to 8). The Clostridium species predominant in man are easily identified but those in the dog are not ( Table 1 ). Genera that are numerous in both the GI tract of dogs and man are Lactobacillus, Bifidobacterium, Eubacterium, Bacteroides, and Peptostreptococcus. Localization of GI flora in man, in terms of either bacterial layer formation or bacterial populations in crypts of Lieberkuhn have not, to our knowledge, been reported. Our work with dogs suggests that other higher mammals, including man, may possess such localized bacterial populations.
Our results and those of other investigators (3, 13, 17) do not support the concept that the microbial flora of mammals will undergo a dramatic change (simplification to one or two genera) if confined to a locked environment and fed sterile food and water for a long time period (16) . Indeed, our results indicate that with long-term confinement, the flora becomes more complex, and its distribution along the GI tract changes. We hypothesize that microorganisms that are not predominate members of the microflora (transient microflora), but which are initially carried into the locked environment by VOL. 34, 1977 on October 19, 2017 by guest http://aem.asm.org/ Downloaded from any animals, will have to adapt to the environment to survive. In addition, the chance for reassociation with the animal in a locked environment is much greater than in a conventional environment. Thus, adaptation to the locked environment and frequent reassociation (i.e., ingestion) could select for those microbes that are not predominate members of the flora. Ultimately, successful competition could lead to an increase in the number and variety of microorganisms in the GI tracts of the animals within the locked environments. Alternatively, a hypothesis that the microenvironments of GI tracts in animals held in locked environments may change with time should also be considered. Such an alteration in the GI tract also could allow other less predominate species to proliferate.
As indicated by our data, whether prolonged contact with such an increase in the numbers and variety of microorganisms could pose a threat to a host is simply not known. Nonetheless, the flora should be monitored carefully when humans are confined in close chambers for any considerable length of time.
